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INTRODUCTION 

Our perspective on microbial diversity has improved enor 
mously over the past few decades. In large part this has been 
due to molecular phylogenetic studies that objectively relate 
organisms. Phylogenetic trees based on gene sequences are 
maps with which to articulate the elusive concept of biodiver- 
sity. Thus, comparative analyses of small-subunit rRNA (16S 
or 18S rRNA) and other gene sequences show that life falls 
into three primary domains, Bacteria, Eucarya, and Archaea 
(51, 52). Based on rRNA trees, the main extent of Earth's bio- 
diversity is microbial. Our knowledge of the extent and char- 
acter of microbial diversity has been limited, however, by reli- 
ance on the study of cultivated microorganisms. It is estimated 
that >9 ur r of microorganisms observable in nature typically 
are not cultivated by using standard techniques (1 ) 

Recombinant DNA and molecular phylogenetic method, 
have recently provided means for identifying the types of or- 
ganisms that occur in microbial communities without the need 
for cultivation (see references I, 20, and 35 for reviews) Re 
suits from application of these methods to a number of diverse 
environments confirm that our view of microbial diversity wa> 
limited and point to a wealth of novel and environmentally 
important diversity yet to be studied (34) It is the aim of thi> 
review to collate, compare, and incorporate the results of the 
environmental sequence-based studies into the context oi 
known bacterial diversity. We discuss the sequence data at the 
taxonomic level of the phylogenetic division because division * 
constitute first-order elades for describing the breadth of bac- 
terial diversity. Although we have yet to determine e\en the 
outlines of the bacterial tree, common threads arc beginning U > 
emerge that revise our current views of bacterial diversttv and 
distribution in the environment 

PHYI.OUENLTIC DIVERSITY IN THE 
BACTERIAL DOMAIN 

In W. Wocnc described the bacterial domain as compiled 
ot about 12 natural relatedness groups, based mainly on ma! 
vses of familiar cultivated organisms such as cxar.obactena 
spirochetes, and gram-positive bacteria (all of which, based n. 
rRNA sequence divergence, display greater evolutional dep'b 
'ban plants, animals, and fungi) (5 11. These relatedness ^roup-. 
have variously been called "kingdoms." ■ phvla." and d:\i 
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Mons", we use the latter term. For the purposes of this review 
we define a bacterial division purely on pliylogeneiic grounds 
is a lineage consisting of two or more lf>S rRNA sequences 
that are reproducibly monophyletic and unaffiliated with all 
other division-level relatedness groups that constitute the bac- 
terial domain. We judge reproducibility by the use of multiple 
tree-building algorithms, bootstrap analysis, and varying the 
composition and size of data sets used for phylogenetic anal- 
yses. The typical interdivisional rRNA sequence difference is 
20 to 25 c 'r . For comparison, the 16S rRNAs of Escherichia colt 
and Pseudomonas aeruginosa, both representatives of the -y 
group of Protcobactena, differ overall by about 15 r r; the lhS 
rRNAs of E. coli and Bacillus subfiles ("low-O t C gram-posi- 
tive bacterial" division) differ by about 23 r ? . 

At the current stage in the phylogenetic classification of 
Bacteria, divisions are not consistently named or taxonomically 
ranked rRNA-dehncd divisions are identified by classes (e.g., 
Proteobacteria [41 j and Actinobactena [42]), orders (e.g., Ther- 
momgalcs and Acjuiticales), families (e.g., Chlorobiaceae). ge- 
neric names such as the Sitrospira group (11). or common 
names such as the green nonsulfur (GNS) bacteria and low 
C i ♦ C gram-positive bacteria (51). Division-level nomenclature 
has not even been consistent between studies, so some divi- 
sions are identified by more than one name For instance, 
green sulfur bacteria is synonymous with Chlorobiaceae; high 
(» * C gram -positive bacteria is synonymous with Actinobac ti ma 
and Actirumncctalcs. Indeed, it probably is premature to stan- 
dardize taxonomic rankings for bacterial divisions at this point 
'a hen our picture of microbial diversity is likely still incomplete 
and the topoiouy of the bacterial tree is still unresolved 

In the past decade the number of identifiable bacterial div: 
oons has mote than tripled to about 4i) due in significant part 
•o culture-independent phylogenetic surveys of environmental 
•n:ciob:.i! communities (21. 34) These analyses rely on sc 
quences of rRNA genes obtained by cloning directly :'rom 
environmental DNA or. as in the majority of studies, itter 
amplification bv the PCR (1. 20. 35). l igure 1 represents the 
division-level diversity of the bacterial domain as interred from 
representatives ot the approximately S.UMi bacterial 1 hS rRNA 
gene sequences currently available. Although. 3o divisions are 
■•hewn m Fig :, several other division-level lineages are :nd: 
cated bv single environmental sequences (V 21. sapges'im; 
t Ii.it the number of bacterial divisions m.iv oc wc!i over lo 
Several of the described divisions are well represented bv cu! 
tivated strains and were the first to be char icterved phsio.ge 
*:e f :ca!!v n I 1 The ma:ontv of the bacteria '".m.miv hew ever, 
ue p * »:!\ represented bv cultured or • c -n.s Indeed. : ■ ' 
o.e ; '' d:v Mails shown :n Fn: i ate oa teri/cd : w c" 

. uonmental sequences i shown out i:ne 3 1 .-.r . * " .i- e ! er:*v : .an 
.i:date divisions" to indicate their urs ;n- Mnti.i: . n 
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t candidate ) divisions, Hie tree was constructed using 
•a ci ct Jjtahxw modified from the March IW ARB 
'i i-i the wedge reflect* the branching depth of the 
■ h : acV . division* represented onlv bv environmental 

u ed to; thi* figure and Fug 3 through 6 a re available 



new bacterial divisions One of these candidate divisions. 
'. )P1 1. in now sufficiently well r epresented by environmental 
sequences to conclude that it constitutes a major bacterial 
group i*ee below t i'hv logenetic studies so tar have not re 
-oived branching orders ot the divisions; bacterial diversity is 
•■een as a fan-iike radiation ot division-level groups (Fig 1) 
The exception to this, however, is the Atfuitictilcs division, which: 
branches most deeplv m the bacterial tree in most analyses 

BACTERIAL DIVERSITY AND DISTRIBUTION 
IN THE ENVIRONMENT 

( uiture dependent studies indicate that representatives o} 
■■omc bacterial divisions are cosmopolitan in the environment. 
whetcaN otheis .appear restricted to certain habitats ( Cul- 
ture independent studies so tar conducted reflect and expand 
tins view Table 1 summarizes the environmental distribution 
■ m* ^euuenees bv habitat type, compiled trom most oi the avail- 
able ImS rKN \ based clonal analyses so studies contributmc 
nearly .\i oii sequences An expanded version ot this table t: 



details di\;>uoi j L \ ; representation in the individual studies is 
uvailabe it h*t;> . iab2 berkeley.edu. pacelah 1 Tfvhtm. Table 1 
include- onlv divi^ons tor which representatives have been 
d ■*ectc I -n .o --\>' two independent studies and for which at 
least o" -.ea' complete l^S rRNA gene sequence is known. 
1 ible : s. I h ;r, l tc. not an exhaustive listing of potential 
d-visioii uvel J v.r :tv tor all studies 

Sequ.. nee :epres-. ntatives of several bacterial divisions have 
b -en identitied m i wide range of habitats, suggesting the cos- 
mopolitan oi uhqmhms distribution of the corresponding or 
omisn-o n the y.v. lonmen: and, potentially, their broad met- 
allic ■ apabdii.L - Some of these cosmopolitan divisions are 
w;il-kr..mn torn oi.tivation studies; however, others are little 
known 'i have vet been detected bv cultivation. Figure 2 
^umman *es ,; ie : ■. presentation of selected cosmopolitan divi- 
sions bv equ.i:, . .it cultivated and uncultivated organisms 
The /V ■: t>f\i.-! t '".i 'purple photosynthetic bacteria and rela- 
*'.'■.■>■■. 1 o/v. ;e« • ■ • Hunrn >:Jt\^ -( 'ytaph^i-hltixibacrcr group ). 
and r h. :ao gijiu-positive divisions. Actmobtiacna and low- 
< i - C iiram-pos'.;; . e baeien i. are well represented by cultivat- 
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ed organisms and therefore arc familiar to us in principle. 
ITiese four div isions account tor W> of all cultivated bacteria 
characterized bv IbS rRNA sequences and approximately 70 r r 
of the environmental sequences collated in Table 1. By con- 
trast, other cosmopolitan divisions revealed by clonal analyses, 
such as Aculobaacnum, I'crracomicrohia. GNS bactena, and 
OP11, are poorly represented bv sequences from cultivated 
organisms (Fig. 2) and consequently are little known with re- 
gard to their general properties Although many of the bacte- 
rial divisions occur widely, others seem to occupy a more lim- 
ited range of habitats (Table 1) All cultivated representatives 
of Aquiticalcs. for instance, are thermophilic hydrogen mctaho- 
lizers, and all environmental sequences of Aquiticalcs have 
been obtained only from high-temperature environments. "This 
suggests a specialized habitat niche for this group. Alternative- 
ly, the apparently limited environmental distribution may sim- 
ply reflect a vtmpiingor methodological artifact and represen- 
tatives of such divisions may be present in a wider range of 
habitats, but not vet detected 

The database of environmental rRNA sequences is compro- 
mised in resolving some phvlogenetic issues by a large number 
of relatively short sequences More than half of the sequences 
collated in Tabic 1 are less than NX) nucleotides (nt) long, which 
represents onlv one third of the total length of IbS rRNA. This 
is due to an unfortunate trend in many environmental studies 
of sequencing only a portion of the gene in the belief that a few 
hundred bases of sequence data is sufficient for phylogenetic 
purposes Indeed. 5(XI nt is sufficient for placement if some longer 
sequence is closely related i ^XV" f identity in homologous nu- 
cleotides i to ::ie query sequence In the case of novel sequences., 
• sy '< ulenti:al :o known sequences, however. • NX) nt is usual- 
ly mMitticioni comparative information to place the sequence 
accurately in a phyionenetic tree and can e\en he misleading. 
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Since all but 4 (40, 46. -W. 50) ot the Sh studio collated in 
Table 1 were conducted using PCR to amplify rDNA from ex- 
tracted environmental DNA, the question arises as to whether 
molecular analyses accurately reflect the division-level diver- 
sity that occurs in the environment. It is well established that 
PCR-associated artifacts such as differential amplification of 
different rDNA templates (36, 44). sensitivity to rRNA gene 
copy number (12), PCR primer specificity (48), sensitivity to 
template concentration (6), amplification of contaminant rDNA 
(45), and formation of chimeric sequences (23) may skew our 
assessment of microbial diversity. Most of the studies collated 
in Table 1, however, analyzed tens to hundreds of clones, so it 
seems likely that these studies have sampled the mam types of 
sequences in the communities examined. We believe, acknowl- 
edging the caveats of the methodology, that the clonal analyses 
collated in Table 1 probably include the most abundant (met- 
abolicallv active) bacterial sequence types in the samples ana- 
lyzed, likely representing ihe members of the communities that 
are involved in the principal metabolic activities, such as car- 
bon cycling. 

ABUNDANT BUT LITTLE-KNOWN 
BACTERIAL DIVISIONS 

"line rRNA sequence studies of environmental organisms 
probably identify the abundant organisms in the environments 
studied and, therefore, account for the organisms that partic- 
ipate significantly in the maintenance of the communities. Be- 
cause of their abundance in the environment, representatives 
of some poorly studied phyiogenetic divisions are predicted to 
play significant roles in environmental chemistry. Examples of 
such divisions, which because of their potential environmental 
significance merit study, are the Acuiobactcnum division, the 
I emtcomicmbia , the GNS bacteria, and candidate division OP 1 1 

Acidobacterium division. The Acuiobactcnum group is a 
newly recognized bacterial division with only three cultivated 
representatives: Acuiobactcnum capsulatum (IS). Holopha^a 
foetida (2o). and ( ieothnx fermentans (2S). Figure 3 is a phyio- 
genetic dendrogram of this group, including selected environ- 
mental representatives. The limited physiological information 
known about these organisms provides few clues to properties 
that might be general throughout the division Acuiobactenum 
is a moderately acidophilic aerobic heterotroph; fiolopha^a 
and (ieothru are strict anaerobes that ferment aromatic 
compounds and acetate, respectively The maionty of se- 
quences that make up this division, however, are from envi- 
ronmental clones. At least eight monophyletic subdivisions m 
the Acidobactcnum group are identified bv phyiogenetic anal- 
yses (Fig. 3 [24. 2 l )]l We define a subdivision as a lineage 
comprised of two or more lhS rRNA sequences within a divi- 
sion that are reproducible monophyletic and unaffiliated with 
all other representatives of that division Acidobactenum sab- 
divisions 1. 3. 4. and fi are well represented bv environmental 
clone sequences from independent studies, vet no cultivated 
strains are known with the exception of subdivision I. repre- 
sented by A. capsulatum The widespread occurrence of envi- 
ronmental sequences belonging to the Acuiobactcnum division 
( Table I ) suggests that members ot this group are ecoiomcallv 
significant constituents ot manv ecosystems, particularly soil 
communities. I'hev have been detected in even- clonal analysis 
of soils (with a wide range of chemical properties), as well as in 
other habitats, meiudim: a pea: ho-:, acid mine drainage, a 
contaminated aquitcr. a not spurn:, a freshwater lake, and t 
sample of the Atlantic .vcan t:o:u a depth of 1 •*< '<< > ni i F:c ; 1 
In situ single cell an.tivses wnn fluorescent h\ pndva!'.' «n 
probes specific tor -K :d rac:cn:<m -abdr. ;svr. small c: ;, u:i:! 



rRNA indicate that this subdivision is morphologically diverse 
|2 Q ). as expected for a broad phyiogenetic group. Members 
likely are maaboheallv diverse as well: the depth of phyioge- 
netic diversity (depth of branching) in the Acuiobactcnum di- 
vision is nearly as great as in the Pmtcobactena . 

\ errucomicrobia. Vemicomicrobia is a newly proposed divi- 
sion of Bactcna (17) represented by a handful of isolates: Ver- 
niconucrobium spinosum (after which the division is named) 
(47), four Prosthecobacter species (17), and three strains of 
ultramicrobacteria (22). Vemicomicrobia and Prosthecobacter 
are prosthecate bacteria isolated from freshwater, and the ultra- 
microbacteria. " dwarf-cell" strains only about 0.1 uaaV in vol- 
ume, were isolated from a soil habitat All of these isolates 
preferentially use sugars as growth substrates Culture -inde- 
pendent analyses indicate that the I 'errucomicrobia, like mem- 
bers of the Acuiobactcnum division, are widespread in the 
environment and abundant, particularly in soils (Table 1) Fig- 
ure 4 shows a dendrogram of representatives of the Vemicomi- 
crobia. Several monophyletic subdivisions are seen, only two 
of which are represented by the cultivated strains, (done 
sequences of this division from soil are predominantly from 
members of the phylogenetically broad subdivisions 2 and 3. 
Phe abundance of these two groups suggests their ecological 
importance. For instance, the abundance of one representative 
of Vemicomicrobia subdivision 2 (FIA25) was estimated by 
PCR at 10" to 10 s cells per g of a pasture soil sample, 1 to l() r ? 
of the total microbial content (25). 

In our phyiogenetic analyses we consistently find that the 
division Chlamydia is a specific sister group of the Vemicomi- 
crobia, We find no support for the notion (17, 30, 47) of a 
specific relatedness of the planctomycetes with the Vemicomi- 
crobia 

(INS bacteria. The GNS bacteria have been recognized as 
a division-level bacterial group for over a decade (51). Eiven 
today, however, this division is still represented bv onlv a few 
isolates The cultured representatives have a wide range of phe- 
riotypes, from anoxvgenic photosynthesis [( hlorofhiuis) to ther- 
mophilic organotropic {Ihem\omicrohium\ Figure 5 shows the 
relatedness groups of GNS bacteria defected in the environ- 
ment. It is apparent from the dendrogram that all of the cul- 
tivated representatives except the chlorinated hydrocarbon- 
reducing Dehalococcouics ctheno^enes (31) are related in 
subdivision 3. together with several clone sequences from a hot 
spring, a rice paddy, and activated sludge (data not shown). By 
contrast, most of the environmental sequences described to 
date fall into a different relatedness group, subdivision 1. with 
no cultivated representatives. Considering the wide variety of 
habitats that have contributed GNS sequences (Fig 5, Table 
1 ). particularly to < INS subdiv ision I . members of this division 
likely play significant roles m the environment 

Candidate division OPI1. Candidate division OP 11 ;s a re 
cently proposed novel bacterial division for which there is no 
reported cultivated representative (! kJ 2\ i However, several 
independent clonal studies have reported environmental se- 
quences that together form the OPl 1 clade Figure b shows a 
dendrogram of the known environmental sequence represen- 
tatives of the division, with five suhdiv im^-s currently identiti 
able OP11 sequences all have hi eh lv alvpicai -sequence signa- 
tures for the domain Hactcna (51 |. and :hev have low sequence 
identities, onlv about S<r; . to sequences outside the OP11 di 
vision This rnav be due to higher -than average mutation rites 
in OPl 1 rRNAs. as has been suggested tor other '.'roups such 
as : he plane: omwctcs i 2" 1 OPl ! ^\;aences have been op 
Mined from -. vaneP. ot hahp.Ps ::\\ud::v. several .hfferen: 
tvpes ot Mul. t; .-xhwatcr sediments, p-.e deep subsurtace. and 
ho: springs ( !'.<V;e i i. suggesting :ha: members ot the division 
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play significant ecological roles. Until cultivated representatives 
of the ()P1 1 division are characterized, little beyond the general 
properties of Bacteria can be inferred about their physiology. 

Additional candidate divisions. Several additional candidate 
divisions have been identified based on environmental sequences 
alone, shown as outlined wedges in Fig. 1 . These divisions com- 
prise two or more sequences over 5(X) nt in length that were 
obtained mostly from independent studies, or at least from 
independent PGR events. An expanded view detailing represen- 
tatives of each candidate division is available at http://crab2 
berkeley eduvpacelab/1 76.htm. The candidate divisions are iden- 
tified according to the original source or clone names of the se- 
quences that define the clade. Divisions designated OP were 
originally identified in an analysis of a Yellowstone hot spring. 
Obsidian Pool (21). Representatives of three of these divisions, 
OP5, -8, and -10, also have been encountered in a study of a 
hydrocarbon-contaminated aquifer at Wurtsmith Air Force 
[5it.se in Michigan (4). The latter study also identified novel 
divisions WS1, now identified in a Siberian tundra soil (53), 
and WS6. Candidate division marine group A was originally 
identified and named based on partial sequences obtained 
from marine microbial communities in the Atlantic and Pacific 
oceans (13) and verified by full-length-sequence representa- 
tives of the group from similar marine samples (16). Abun- 
dance and depth profiles of marine group A sequences in the 
water column (16) suggest their global distribution in marine 
communities; no representatives of this candidate division out- 
side of marine environments have yet been obtained (Table 1 ). 
Representatives of the termite group I candidate division orig- 
inally were identified as a closely related clade of sequences 
from the termite gut (33) but now also have been identified in 
.i contaminated aquifer (9). Candidate division OS-K was iden- 
tified in a study of a Yellowstone hot spring. Octopus Spring 
(4 C )) and bolstered by additional representative sequences from 
studies of a hydrothermal vent (32) and marine sediment (7) 
Candidate divisions TM6 and TM7 are named after sequences 
obtained in an environmental study of a peat hog (38), and 
other partiai-length-sequence representatives of these candi- 
date divisions were subsequently identified from activated 
sludges (4, 15) and soil (5). 

CONCLUSION 

Phylogenetic trees based on rRNA sequences show that 
bacterial diversity is represented by natural relatedness groups, 
the phylogenetic divisions ( 5 1 ). About 3h such divisions are cur 
rentlv identifiable. The final extent of division-level diversity in 
the bacterial domain is still unknown but clearly will be more 
than 40 divisions Culture-independent studies have resulted in 
multiple hits on the majority of described divisions m different 
habitat types ( Table i ). suggesting that the final number ot 
divisions wii] be within the same order of magnitude as the 
present estimate. 

Hie molecular analyses of environmental I)\'A have re- 
vealed substantial phylogenetic diversity with little or no rep- 
resentation among organisms previously studied Because of 
their abundance and wide distribution, some ot the organisms 
represented bv the sequences likelv contribute smnificantU to 
the global chemical cycles. Descriptions ot nevviv identified, but 
apparently important, bacterial divisions such as the Acuiobac- 
tcnum and \'cmu(mucr<)bia, are presently confounded bv too 
tew cultivated representatives and only rudimentary descrip- 
tions oi the strains. Cultivation etforts need to be directed .it 
;w, representatives of the diver e groups to; turthei study 
Continued work to sequence the >S rDW >: .d! deposited 
tvpe cultures i ■ y;' ' sequenced to date ' ! 4 • i nia\ also icsu!: m 
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contaminated aquife r done VVCmBI 41 A^050560) 



0.10 

itcd bet. re the ckvv name ( icnBartk accession n urn hers au l;Mrd r in-:^:ic::ca!!\ s ,M:'. - see the : e \t « .r.-j indicated h\ brackets at the n, 

,.in>.!T-.i. !ii'M and support for branch points was as de->enK\i t'oi i an.t v i>-v. : .c'\ ! h : -.cah- k M: i:\ls.\iTes'' : chance ;x:r nucleotide 



detection ot additional cultivated representatives ot riewK dc 
scribed divisions It is a challenge to microbi.il biologists t.< 
determine the philological diversity and environmental rok-s 
oi these recent Iv .tttiailatcd divisions ot Hue tend 



!"',e ph\;. , .:c; , .i , :: l :.;icicnccs between the bacterial divisions 
p:.':uh]\ arc : ctk\ ;:i vabv.mtu: phvsiolotzicai differences 
s ,! n rto:v: .vner.i! properties of Hue tend, arc expect - 

v ":v J. ': '\Kcd nr.. me. ai! the dr.tMop.v Division-specific 
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Green non-sulfur division 



contaminated aquifer clone WCHB1-05 (AF050562) 
— contaminated aquifer clone WCHB1 -43 (AF050554) 



contaminated aquifer clone WCHB1 -62 (AF050566) 
— sludge clone T78 (Z94009) 

contaminated aquifer clone WCHB1-31 (AF050569) 



sediment clone RB41 (U62857) 

contaminated aquifer clone WCHB1 -63 (AF050568) 



hot spnng clone OPB65 (AF027036) 
hot spring clone OPB9 (AF027043) 

contaminated aquifer clone WCHB1-50 (AF050571) 



hot spring clone OPB12 (AF027031) 



subsurface clone H1.43.f (AF005749) 



subsurface clone H1.4.f (AF005748) 
subsurface clone H3.93 (AF005750) 



subsurface clone t0.6.f (AF005745) 
subsurface clone tO 8. f (AF005746) 

Dehalococcoides ethenogenes (AF004928) 

. — — peat bog clone TM5 (X971 12) 




sediment clone RB21 (U62842) 

Chloroflexus aurantlacus (M34116) 
Chloroflexus aggregans (D32255) 

hot spring clone OSV-L-20 (104703) 



Heliothrix oregonensis (L04675) 

hot spnng clone OS-VI-L-4 (M62774) 

Herpetosiphon aurantiacus {M34 1 1 



Sphaerobacter thermophilus (X53210) 
Thermomicrobium roseum (M34115) 

sed;ment clone RBC3 (U62827) 

— soil clone U68589^ 

marine clone SAR202 (U20797) 
marine cione SAR307 ;U20798) 
subsurface clone H 1.2.1 (AFC05/47) 
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OP11 division 
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hot spring done 0PS1 28 (AF027026) 
hot spnng clone NTd42 (AF047559) 

subsurface clone MIM450 
hot spnng clone 01 Ad37 (AF047557) 



not spnng done NTd43 (AF047560) 
not spring done OPB92 (AF027030) 
freshwater sediment clone LGd6 (AF047566) 
freshwater sediment clone LGdIO (AF047567) 
— freshwater sediment done LGd5 (AF047564) 
treshwate- sediment oone LGd1 (AF047568) 
freshwater sediment done LGd1 5 (AF047569) 
freshwater sediment clone LGd2 (AF047570) 



freshwater sediment clone LGd9 (AF047571) 
freshwater sediment done LGd17 (AF047572) 



- contaminated aquifer clone WCHA1 -20 (AF050601) 
contaminated aquifer clone WCHAt-24 (AF05O6O2) 

— contaminated aquifer clone WCHBt -07 (AF050600) 



contaminated aqu'fer done WCHB1-64 (AF050606) 
contaminated aqu.fer clone WCHA1-11 (AF050607) 




contaminated aqui'er clone WCHB1 -1 1 (AFO5O603) 
contaminated aq«i!e r cicne WCHA1 -09 (AF050604) 
ccntamtnated aqu fer done WCHBl -56 (AF050605) 
soil done P36 (U68664) 



freshwater sediment clone LGoM (AF047573) 



ora ! cavity dene F78 
:cn:ammafed aquifer done WCHA2-26 (AF050609) 
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- stbSorlace c:o' -e r-.W4.i* : 
S^fcsj-face cjrx 1 WM4*c 
f r eshwa:e r sec: ,r e r : c-:- n s ^3.:8 ',AF-:4 T 574j 
con tan rated aqLite' c.cne v\ChBi-58 |AF050510) 



-c* sp-.rg done OPc3 .AF:4^6/ 

sed're.-t done PB39 : 6 
- - ^c! soma cscce CPS 1 35 \-02 7 02:^ 

oortam.na!ed aq..re: d:re A'^iAMG iAF05O6O8) 

suDsurface c--..r>? .W49C 

xrtaT.M'e.! aqUtr ;:jne .VCHA2 Ot 'AF05C621) 
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novelties arc known as well, tor instance, endospore tormation 
by the low-(> t ( gram-positive bacteria or axial filaments 
(endotlagella) in the spirochetes Some biochemical properties 
evidently have transferred laterally among the divisions. For 
example, the two types of photosynthetie complexes, photosys- 
tem I (PSI) and PSI I . are each distributed sporadically among 
the divisions, consistent with lateral transfer (3). Lateral trans- 
fer may also have resulted in combinatorial novelty among the 
divisions; PSI and PSI I, for instance, apparently came together 
in the cyanobactena to create oxygenic photosynthesis, with 
profound consequences to the biosphere (3) Many more such 
division-specific qualities and cooperations should become ev- 
ident at the molecular level as comparative genomics gives us 
a sharper phylogenetic picture of bacterial diversity. 
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